We discuss how dissipative effects and the presence of a thermal radiation bath, which are inherent characteristics of the warm inflation dynamics, can evade the recently proposed Swampland conjectures. Different forms of dissipation terms, motivated by both microphysical quantum field theory and phenomenological models are discussed and their viability to overcome the assumed Swampland constraints is analyzed.
I. INTRODUCTION
The cosmological observational data unanimously confirms that the universe is expanding, spatially flat, homogeneous and isotropic on large scales and the Large Scale Structure (LSS) is originated from the inhomogeneities of primordial origin, which are adiabatic, Gaussian and with a quasi-invariant scale power spectrum [1] . The current paradigm for the evolution of the early universe, cosmological inflation [2] , consisting of a short period of quasi-de Sitter accelerated expansion phase, is able to successfully explain several puzzles of the standard Big Bang cosmology, solve the horizon and flatness problems and at the same time account for the origin of the inhomogeneities in the universe able to lead to the LSS formation, based on causal physics. Although inflation generally occurs when the inflaton field is super-Planckian, specially when considering monomial chaotic potentials, however, when the currently observable scale exits the Hubble horizon, the energy scale is much smaller than the Planck scale. Therefore, it is assumed that inflation can be well described by some low energy effective theory (EFT). However, this does not mean that any inflationary model, in the language of effective theory, can be ultraviolet (UV) complete. In fact, consistently embedding EFT of gravity into a quantum theory, in particular in the context of string theory, requires distinguishing consistent low energy EFT coupled to gravity from inconsistent counterparts. The latter are deemed to inhabit the so-called Swampland [3, 4] . Hence, having correct criteria to identify the boundary between the landscape and the Swampland has resulted in a series of conjectures known as weak gravity [5] and Swampland conjectures [6] , motivated by black hole physics [7] and string compactification [8] [9] [10] . Recently, it was proposed that an effective field theory, to be consistently embedded in quantum gravity, must satisfy these conjectures. These conjectures then turn out to lead to constraints in the allowed range of field excursion and the potential gradient. In turn, these conjectures have lead to severe constraints on the possible inflation models able to be described in terms of effective models of inflation [11] . The two Swampland conjectures are as follows:
• The Swampland Distance Conjecture (SDC): The scalar field excursions in field space are bounded from above [4] ,
where ∆ is some constant of order unity, that depends on the details of the string model compactification. M Pl ≡ (8πG)
× 10
18 GeV is the reduced Planck mass.
• The Swampland de Sitter Conjecture (SdSC): The field gradient of the potential V (with V > 0) in any consistent theory of gravity should satisfy the lower bound [6] ,
with c being another constant also of order unity. It should be noticed that the conjecture SdSC not only requires steep potentials but also forbids models including extrema or plateaus, for which ∇V /V → 0 in one or more points in field space. Although the authors in Ref. [12] have shown that there is still controversy on the specific value for c, which may make the discussion irrelevant, we will assume Eq. (1.2) for the sake of argument.
Hence, by taking at face value and the assuming the validity of the above two conjectures, they may have serious cosmological implications as discussed by many authors recently [11, [13] [14] [15] [16] [17] , in particular for the inflationary physics [18] [19] [20] [21] . In fact, possible inflation theories, especially slow-roll single field inflation, are tightly constrained. Thus, more complicated inflation models, or non-standard physics of the early universe, such as chromo-natural inflation [22] , multi-field inflation [23] , or curvaton scenarios [24] seem to be preferred by these two conjectures. One should notice that the validity of the above Swampland conjectures has also been questioned recently [25, 26] . Independent of the real applicability or validity of these conjectures, we believe it is still worth to seek which inflationary model realizations or pictures might overcome them. This in particular might teach us something about the possible realization of these models in the context of effective field theories and a possible connection of them with more fundamental theories, like string theory. In view of these motivations, in this work, by assuming the validity of the above two Swampland conjectures, we would like to discuss them in the context of the warm inflation picture [27] as a possible way of realizing in a satisfactory way the conditions given by Eqs. (1.1) and (1.2). As we are going to show, by accounting for the nonequilibrium dissipative processes emerging from the microscopic dynamics of the inflaton field during warm inflation, which can produce a quasi equilibrium thermal radiation bath during inflation (for reviews on warm inflation, see, e.g., Refs. [28, 29] ), the dynamics of inflation can change considerably both at the background and perturbation levels compared with the case where these effects are neglected. Consequently, warm inflation can lead naturally to different consistency relations compared to the case when these dissipative effects are negligible, like in the usual cold inflation scenario. Thus, warm inflation can possibly lead to conditions able in principle to satisfy Eqs. (1.1) and (1.2) . This ability of warm inflation to evade the Swampland conditions was also recently briefly recalled in Ref. [30] . In this work we would like to establish whether warm inflation is indeed able to satisfy Eqs. (1.1) and (1.2) and under which conditions and for which possible models this can indeed happen.
This paper is organized as follows. In Sec. II, we briefly review the warm inflation dynamics and its relevant equations, which we will be using in this work. Next, in Sec. III, we will then study different dissipation mechanisms that can lead to the warm inflation dynamics, either directly motivated from particle physics realizations or phenomenological motivated ones. We will then discuss these models in the context of the Swampland coonjectures. Finally, in Sec. IV, we give our conclusions and final comments.
II. WARM INFLATION DYNAMICS
The dynamics of inflation can go through two different pictures: cold inflation (CI) and warm inflation (WI), depending on whether nonequilibrium dissipative process due to the couplings of the inflaton field with other field degrees of freedom are negligible or not during inflation. In fact, dissipation processes determine how ultimately vacuum energy density, stored in the inflaton field, ends up converting to radiation, thus allowing the universe to make a transition from the accelerating phase to the radiation dominated epoch. The first and more conventional picture for inflation is the isentropic CI, where the inflaton field can be treated essentially isolated from interacting with other subdominant quantum fields, whereby any previous pre-inflationary radiation energy density drastically decreases. Later, at the end of inflation, the inflaton starts oscillating around the minimum of its potential and progressively dissipates its energy into other relativistic light degrees of freedom that thermalizes and provides the radiation bath required by the standard Big Bang cosmology. Thus, CI necessarily requires a phase of (p)reheating (for some recent reviews on the (p)reheating theory, see e.g., Refs. [31, 32] and references therein). In contrast to this picture, in WI the inflaton interactions with other sub-leading quantum fields can be strong enough in such a way that their effects may not be neglected. Therefore, the state of the inflationary universe can become one not that of a quasi-perfect vacuum state like in CI, but rather an excited statistical state, with a thermal state being the most examined [28, 29] . Even so, in WI the vacuum energy is still the dominant component for the accelerated expansion to take place. Consequently, non-negligible dissipative processes can take place not only after but also during the slow-roll phase of inflation, whereby a quasi-equilibrium thermal radiation bath is concurrently generated throughout inflation. This state can be such to compensate the supercooling phase observed in CI and radiation can smoothly be produced and it becomes the dominant energy component of the universe at the end of the inflationary expansion.
The total energy density in WI is then given by
which accounts for the presence of the radiation fluid, with energy density ρ R , and the scalar field (the inflaton) φ, with some potential V (φ). The inflaton field φ and the radiation energy density ρ R form a coupled system in WI dynamics, with background evolution equations given, respectively, bÿ
where Υ(φ, T ) is the dissipation coefficient in WI, which can be a function of the temperature and/or the background inflaton field. We will define below explicitly the dissipation coefficient forms we will be considering in this work. For a radiation bath of relativistic particles, the radiation energy density is given by ρ R = π 2 g * T 4 /30, where g * is the effective number of light degrees of freedom (g * is fixed according to the dissipation regime and interactions form used in WI). In WI it is usual to define the ratio of the dissipation coefficient with the Hubble rate H as
which in some sense parametrizes the strength of the WI dissipative processes. The dissipation coefficient Υ in Eqs. (2.2) and (2.3) embodies the microscopic physics resulting from the interactions between the inflaton and the other fields that can be present and accounts for the nonequilibrium dissipative processes arising from these interactions. The dissipation coefficient Υ is in general well defined in the context of nonequilibrium quantum field theory methods [28, 33, 34] . The effect of the dissipation term in the above equations can be such as to be able to sustain a temperature T ≥ H throughout inflation forφ H 2 , even for Υ H (i.e., Q 1), without violating the slow-roll conditions. In particular, the additional friction term in Eqs. (2.2) and (2.3) modifies the usual slow-roll conditions to { V , η V } 1 + Q, where
Pl V ,φφ /V are the usual (inflaton potential) slow-roll parameters. Therefore, the conventional Hubble slow-roll parameter H changes to
Thus, the accelerated inflationary dynamics terminates when H = 1 or, equivalently, when V = 1 + Q. Moreover, the ratio of radiation to inflaton energy density in the slow-roll regime is roughly given by
Therefore, during inflation the energy density associated with the inflaton field still dominates over that one from the radiation, ρ φ ρ R . Hence, radiation is somewhat still suppressed as we should expect. Even though this condition might be satisfied for weak dissipation (Q 1), at the end of inflation for V ∼ 1 + Q and ρ R /ρ φ Q/2(1 + Q), radiation can become the dominant component. Consequently, the universe can smoothly enter into a radiation dominated era without the need of a reheating phase a priori. In fact, steep potentials without extrema and plateau can also be embedded in WI, as the Swampland criteria typically prefer.
A. The Swampland and a lower bound on the value of the dissipation Slow-roll CI models are in tension with the SdSC since in such models H V and Eq. (1.2) would imply that V > c 2 /2, thus preventing an accelerating expansion. Even though the condition c > 1 can in principle be relaxed [24] , one notice that WI can break the approximate relation between H and V as discussed above, from Eq. (2.5), allowing accelerated expansion even if V > 1, provided that Q > 1. One notes also the SdSC condition, Eq. (1.2), targets the heart of CI models based on the requirement of the standard (p)reheating mechanism, which usually occurs around the minimum of the potential, V φ = 0. As already discussed above, the continuous radiation production in WI due to the dissipative effects can naturally replace the usual reheating mechanism by smoothly ending inflation already in a radiation dominate regime. Thus, WI does not require in general a potential with a minimum or that V φ = 0 as a condition for reheating. Furthermore, note that we can also express the SDC condition, Eq. (1.1), for the field excursion in terms of the slow-roll parameter V and the number of e-folds N as (using dN = Hdt)
Note that in CI (Q ≡ 0) we can have plateau-type of potentials for which V 1 and N 60, which is more than the necessary for solving the usual Big Bang cosmological problems, leading to very small field excursions and thus satisfying the condition Eq. (1.1). However, plateau-type of potentials are strongly disfavored by the second Swampland condition Eq. (1.2). Even so, we see that the change of the slow-roll parameters by the dissipation ratio Q in the Eq. (2.7) offers again a way out of the SdSC condition if Q 1 and N still within the required number of e-folds, N ∼ 60. Thus, putting these conditions together in the context of WI, such as to simultaneously satisfying both conjectures, we are lead to a lower bound on the dissipation ratio Q as given by
where, taking {c, ∆} ∼ O(1), then Q should be of order of N . Consequently, WI is able to satisfy the two Swampland conjectures if it starts with a relatively large dissipation ratio Q.
B. The Swampland, WI and the scalar and tensor perturbations
In WI not only the background dynamics gets modified by the dissipative effects, but also the perturbations get modified due to the presence of dissipation and the radiation bath. In special, the primordial power spectrum can be strongly influenced by these effects (see, e.g., Refs. [35] [36] [37] [38] [39] [40] ). For instance, the primordial power spectrum for WI at horizon crossing can be expressed in the form (see, e.g., Ref. [41] and references therein)
where we indicate with a subindex " * " those quantities evaluated at horizon crossing. The contribution P 0 (k/k * ) in Eq. (2.9) is the standard CI result, 10) while F(k/k * ) in Eq. (2.9) is the WI modification to the primordial power spectrum,
In the latter equation, n * denotes the inflaton statistical distribution due to the presence of the radiation bath.
For a thermal equilibrium distribution it assumes the Bose-Einstein distribution form, n * = 1/[exp(H * /T * ) − 1]. The function G(Q * ) in Eq. (2.11) accounts for the effect of the coupling of the inflaton fluctuations with radiation [36] [37] [38] , which we will specify in more details in the next section below. The scalar spectral amplitude value at the pivot scale k * is set by the cosmic microwave background (CMB) radiation data as ∆ R (k = k * ) 2.2 × 10 −9 , with k * = 0.05Mpc −1 as considered, e.g., by the Planck Collaboration [1] .
While the primordial scalar curvature perturbation in WI gets modified according to Eq. (2.9), the tensor perturbations spectrum is simply of the CI form,
. This is so because of the weakness of the gravitational interactions and the spectrum of primordial gravitational waves remains unaffected by the dissipative dynamics of WI [42] (see also Ref. [43] for a recent study on the possible changes of the tensor spectrum in WI). The tensor-to-scalar ratio r, 12) leads now to a modified consistency relation in WI when compared to the CI result,
Combining this result with Eq. (2.7) and the two Swampland conjectures Eqs. (1.1) and (1.2), we are lead to the following requirement,
Note that for Q = 0 (when F → 1) then Eq. (2.14) reduces to the relation obtained for CI when considering the Swampland conjectures [20] . Although, it is rather difficult for both constraints in Eq. (2.14) to be simultaneously satisfied in CI for {c, ∆} ∼ O(1), it can be possible to be arranged they both to be satisfied in WI. This can happen, for instance, if the dissipation ratio is larger than the e-folding number as we have already stated above. Thus, it is important to also check what the effects of such large dissipation ratio, as required by the Swampland conditions, might have on the observables and whether those values required for Q would still be allowable when confronting some specific models with the observational data. This is what we now focus on below.
III. SOME EXPLICIT MODEL REALIZATIONS AND OBSERVATIONAL CONSEQUENCES
Dissipation processes during WI modifies not only the homogeneous evolution of the inflaton field but also its inhomogeneous fluctuations. Therefore, the curvature power spectrum gets modified in different ways. First, it directly sources inflaton fluctuations, yielding a Langevin equation that generalizes Eq. (2.2) for an inhomogeneous field [35] [36] [37] [38] [39] [40] . In fact, the source of primordial perturbations stems from thermal fluctuation in the radiation bath, which is then transfered to the inflaton field as adiabatic curvature perturbations. Hence, WI predicts that the origin of perturbations is thermal rather than quantum. Inflaton quanta may also be thermally excited during inflation and, if they get thermalized, they acquire a Bose-Einstein rather than a vacuum phase space distribution. Finally, inflaton and radiation fluctuations are in general coupled due to the possible explicit temperature dependence in the dissipative coefficient function Υ(φ, T ). This can be understood once the perturbations for WI are explicitly written down [36] . For example, if we parameterize the dissipation coefficient as
where s is some real number, the perturbed form for Eq. (3.1) becomes
thus explicitly coupling the inflaton perturbations δφ with those of the radiation bath δρ R . As shown in Ref. [36] , this can generate in the curvature power spectrum a growing mode (if s > 0) or a decreasing mode (if s < 0), as the dissipation ratio Q increases. For instance, the resulting dimensionless power spectrum in WI becomes Eq. (2.9), with F given by Eq. (2.11) and the function G(Q * ) in that equation takes into account this effect of the coupling between inflaton and radiation perturbations. The strongest effect of this term on the observables manifest through the spectral tilt n s ,
which can be driven quickly to bluer values (n s > 1) at larger values of Q when s > 1, or lead to a reddener spectrum when s < 0.
In our analysis below, we will consider five forms for the dissipation coefficient Υ that have been considered with some frequency before in the literature and which are motivated by the parameterization of the form of Eq. (3.1), namely:
(a) a dissipation coefficient with a cubic dependence in the temperature,
(b) a dissipation coefficient with a linear dependence in the temperature,
(c) a dissipation coefficient inversely proportional to the temperature,
(e) a dissipation coefficient proportional to the Hubble parameter,
A dissipation coefficient of the form of Υ cubic , Eq. (3.4), emerges naturally for models of WI when the inflaton is coupled to heavy intermediate fields, that are in turn coupled to light radiation fields [28, 33, 34] . This is obtained in the so-called low temperature regime for WI, in which the inflaton only couples to the heavy intermediate fields, whose masses are larger than the radiation temperature, M T and, thus, the inflaton gets decoupled from the radiation fields. The dissipation coefficient of the form of Υ linear , Eq. (3.5), has been explicitly constructed recently [44] and it is based on a construction used in Higgs phenomenology beyond the standard model, which uses a collective symmetry where the inflaton is a pseudoGoldstone boson. In this case the inflaton is directly coupled to the radiation fields and gets protection from large thermal corrections due to the symmetries obeyed by the model. In these models the dissipative coefficient is derived in the high temperature regime, where the fields coupled to the inflaton are light with respect to the ambient temperature, M < T . The form of the dissipation coefficient as given by Eq. (3.6) originated in the first studies of warm inflation based on nonequilibrium quantum field theory methods [45, 46] and where it was also derived in a high temperature regime, M < T . Though this type of models are more difficult to be explicitly constructed as compared to the two previous cases, we include it here as an example of dissipation regime that can lead to a suppression of the power spectrum at larger Q values and, thus, to a reddener spectrum as compared to the cubic and linear in T cases, which both tend to lead to a bluer spectrum at large Q. This is particularly important when setting limits on the dissipation ratio based on the spectral tilt n s . As in WI we typically have that the temperature decreases as the end of inflation approaches, we will always have that eventually the high temperature regime used to derive the dissipation coefficient like of the form of Eq. (3.6), it will eventually transit to the low temperature form Eq. (3.4) (see, e.g., Ref. [34] ). This motivates us to study also a constant dissipation coefficient like in Eq. (3.7), which might describe this intermediate regime between the high and low temperature ones and if this regime lasts long enough. Finally, we also include a dissipation coefficient of the form of Eq. (3.8) since it leads strictly to a constant dissipation ratio Q. Such a form leading to a constant dissipation ratio is particularly useful for deriving analytical results in WI and have been employed by many authors before exactly because of that (see also Refs. [47] [48] [49] for other forms of dissipation coefficients). It can be seen as a sort of phenomenological dissipation form. In fact, many recent works dealing with dissipation effects in the recent universe, like describing possible energy exchanges between the dark sectors, have been using this type of dependence (see, e.g., Ref. [50] and references therein) and it is also typically used to model dissipation effects in the form of effective viscosities as well [51] .
Assuming for demonstrative purposes an inflaton potential given by a chaotic quartic potential 1 , V (φ) = λφ 4 /4, with coupling constant λ fixed by the primordial scalar spectrum CMB amplitude according to the dissipation model used and spectrum given by Eq. (2.9). For the temperature dependent dissipations, the function G(Q * ) appearing in Eq. (2.11) can then be found to be [41] G cubic (Q * ) 1 + 4.981Q for the linear dissipation coefficient Υ linear , while for the inverse in the temperature dissipation coefficient, Υ inverse , a similar numerical fitting as used to derive the previous two cases [37] , leads to the result
For the dissipation terms independent of temperature, Eqs. (3.7) and (3.8), we can set this function G equal to one 2 . In Fig. 1 we show the results obtained for both r and n s in WI for the five forms of dissipative coefficients given by Eqs. (3.4) -(3.8). For reference, for each dissipation case, we have indicated some representative values of the dissipation ratio Q * . The data set used for the contours are for the 68% and 95% C.L. results from the recent Planck 2018 [52] and we have chosen the TT+TE+EE+lowE+lensing+BK14+BAO data, which is the most restrictive dataset. For definiteness, we have also considered N * = 60 to obtain the results shown in Fig. 1 .
Among the various dissipation cases studied, we see from Fig. 1 that the tensor-to-scalar ratio r gets naturally suppressed quickly as Q increases for all forms of dissipation terms considered, which is a natural feature of WI. However, the main limiting effect for going to larger values of Q is on the spectral tilt. Figure 1 shows that most of the models typically do not allow for large values of Q, Q > 1, with the maximum value reached for Q * ∼ 2 − 3, e.g., as in the cases of the linear and inverse in T dissipation coefficients, beyond which compatibility with the Planck results for n s is jeopardized. These results are also compatible with earlier ones, obtained for instance in Ref. [41] , when other forms of inflaton potential were considered. An exception is for the constant dissipation ratio case, shown by the black curve in Fig. 1 . It does allow for fairly large values of Q. For instance, for Q = 100, we have n s 0.96021 and a fairly very small r value, r 1.1473 × 10 −7 and it is still inside the 95% C.L. contour for the Planck 2018 results. As pointed out previously, there are models in WI [53] where we can find dissipation coefficients in a high temperature regime (with respect to some mass scale, with T M ) which as the system evolves it goes to a low temperature (T < M ) regime. In these models, it becomes possible to arrange for a dissipation coefficient that can initially tend to lead to a very red spectrum for large Q, like the inverse in the temperature dissipation coefficient of Eq. (3.6), but that it ends up transiting at some point to a dissipation coefficient that tends to lead to a blue spectrum at large Q values, like the cubic in the temperature form Eq. (3.4). In these cases it is possible that Q can be bigger enough to comply with the bounds set by the Swampland conjectures. Even for the dissipation models studied here, if the Swampland required values for ∆ and c in Eqs. (1.1) and (1.2) are slight relaxed, this can make both conditions to be satisfied already for values of Q * that are still within the Planck bounds shown in Fig. 1 . In fact, there is quite some controversy on the precise values for ∆ and c, which can also depend on the specific string model being considered [25] As an example, in Fig. 2 we show the results for the two Swampland conditions as a function of Q * when taking the dissipation coefficient case given by Eq. (3.8) . The other four dissipation coefficients show a similar evolution for these quantities. We see that by relaxing the ∆ value by a factor around four bigger and decreasing the value of c by also a factor four smaller (both with respect to the unit value), we can already find values of dissipation ratio, either in the linear or inverse in T dissipation examples, satisfying both conditions and still have consistency with the Planck data.
Apart from the above results, one important thing to remark is that WI breaks the conventional Lyth bound [54] , even for small dissipation factor due to the presence of (1 + Q) −2 F −1 in Eq. (2.13), resulting in a smaller tensor-to-scalar ratio r. This happens due to the effect of both dissipation the factor Q and the deviation from standard Bunch-Davies states (since in WI fluctuations are is excited states). In fact, deviation from the standard Bunch-Davies states has been discussed as a possible way to save single-field slow-roll inflation against the Swampland conjectures [55] . One may also realize other mechanisms, like the proposal in Ref. [56] , in order to produce a larger c and use them in the context of WI so to be able to suppress the value of r, allowing results consistent with observation even for large Q. For instance, in brane inflation model [57] we have H = V
4Λ
V with Λ here denoting the brane tension. Then in the regime V λ it results in r = 24 H . Although, the tensor-toscalar ratio r obtains larger values in comparison with Standard CI, reconstructing it in the WI scenario allows to make it to be consistent with observation [58] (see also Ref. [59] for a recent discussion of brane inflation and the Swampland). Moreover, all the kinetically modified models of inflation, such as k-inflation including tachyon and DBI models, G-inflation, non-minimal derivative inflation, generally investigated as generalized G-inflation [60] , result in an extra viscous term allowing c to be larger. Although, for larger c they are in tension with observation, they can be consistent with the observations in the context of WI scenario [61] [62] [63] [64] [65] [66] . Therefore, even if the Swampland conjectures are strictly constrained to be unity, such inherent characteristic of warm inflation, a smaller energy scale, makes it as a way out of the Swampland.
IV. CONCLUSIONS
In this work we have studied the possibility of WI satisfy the two recently proposed so called Swampland conjectures. Despite the fact that there has been many discussions on the literature about the validity of these conjectures and how well they can indeed put constraints in existing models, particularly those involving inflation and dark energy, here we have assumed these conjectures to be valid and discussed WI in that context.
We recall that WI naturally predicts a lower tensorto-scalar ratio r in essentially all models of inflation. But this becomes particularly relevant when considering monomial field chaotic inflation models, which are assumed already to be ruled out in the CI scenario. In particular, in monomial φ 4 model this feature of WI in reducing r has already been noticed for almost two decades [67] . This is of relevant to the Swampland conjectures because that implies a lower scale of inflation in WI, when compared to CI, leading to a natural way for obtaining sub-Planckian inflaton field values during inflation, even for monomial chaotic inflation models. That the energy scale for inflation in WI can be smaller than that of CI for the same type of potentials has already been pointed out in Ref. [46] . Also in the review paper [29] results for the tensor-to-scalar ratio were explicitly analyzed for monomial models, where it was also explicitly stated that WI predicts it to be smaller than in CI. This feature of having a lower r in WI was then explicitly found also in the more recent works [44, [68] [69] [70] [71] and also when confronting WI with the CMB Planck data through explicit statistical analysis [41, 72, 73] . Having inflation at lower energy scales, WI makes it possible to inflation to be realized within the safe region based on the Swampland conjectures.
